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These pages provide you with an example of the layout and style which we wish you to 
adopt during the preparation of your paper. Your text will be photographically reduced 
by 20-25%. This is the output from the ETpX document class you requested. 

1. FORMAT 

Text should be produced within the dimensions shown on these pages: total width of 
16 cm and a maximum length of 21 cm on first pages and 23 cm on second and following 
pages. The ETpX document class uses the maximum stipulated length apart from the 
following two exceptions (i) DTpX does not begin a new section directly at the bottom 
of a page, but transfers the heading to the top of the next page; (ii) DTpX never (well, 
hardly ever) exceeds the length of the text area in order to complete a section of text or 
a paragraph. Here are some references: [H12]. 

1.1. Spacing 

We normally recommend the use of 1.0 (single) line spacing. However, when typing 
complicated mathematical text DTpX automatically increases the space between text 
lines in order to prevent sub- and superscript fonts overlapping one another and making 
your printed matter illegible. 

1.2. Fonts 

These instructions have been produced using a 12 point Computer Modern Roman. 
Other recommended fonts are 12 point Times Roman, New Century Schoolbook, Bookman 
Light and Palatino. 

* Footnotes should appear on the first page only to indicate your present address (if different from your 
normal address), research grant, sponsoring agency, etc. These are obtained with the \thanks command. 
TFor following authors with the same address use the \addressmark command. 

^To reuse an addressmark later on, label the address with an optional argument to the \address 
command, e.g. \address [MCSD] , and repeat the label as the optional argument to the \addressmark 
command, e.g. \addressmark [MCSD] . 
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2. PRINTOUT 

The most suitable printer is a laser or an inkjet printer. A dot matrix printer should 
only be used if it possesses an 18 or 24 pin printhead ("letter-quality"). 

The printout submitted should be an original; a photocopy is not acceptable. Please 
make use of good quality plain white A4 (or US Letter) paper size. The dimensions shown 
here should be strictly adhered to: do not make changes to these dimensions, which are 
determined by the document class. The document class leaves at least 3 cm at the top of 
the page before the head, which contains the page number. 

Printers sometimes produce text which contains light and dark streaks, or has consid- 
erable lighting variation either between left-hand and right-hand margins or between text 
heads and bottoms. To achieve optimal reproduction quality, the contrast of text lettering 
must be uniform, sharp and dark over the whole page and throughout the article. 

If corrections are made to the text, print completely new replacement pages. The 
contrast on these pages should be consistent with the rest of the paper as should text 
dimensions and font sizes. 

3. TABLES AND ILLUSTRATIONS 

Tables should be made with ETgX; illustrations should be originals or sharp prints. 
They should be arranged throughout the text and preferably be included on the same page 
as they are first discussed. They should have a self-contained caption and be positioned 
in flush-left alignment with the text margin. Two small illustrations may be placed 
alongside one another as shown with Figures [I] and [2j All illustrations will undergo the 
same reduction as the text. 

3.1. Tables 

Tables should be presented in the form shown in Table HJ Their layout should be 
consistent throughout. 



Table 1 



The next-to-leading order (NLO) results without the pion field. 



A (MeV) 140 150 175 



200 



r d (fm) 1.973 1.972 1.974 

Q d (fm 2 ) 0.259 0.268 0.287 

P D (%) 2.32 2.83 4.34 

/i d 0.867 0.864 0.855 

Mmi (fm) 3.995 3.989 3.973 

A^gt (fm) 4.887 4.881 4.864 

6Yi (%) -0.45 -0.45 -0.45 

5°i c (%) 0.03 0.03 0.03 

5fi N (%) -0.19 -0.19 -0.18 



0.15 



4.846 



0.45 



0.03 



3.955 



0.845 



6.14 



0.302 



1.978 



The experimental values are given in ref . [ H] . 
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Horizontal lines should be placed above and below table headings, above the subhead- 
ings and at the end of the table above any notes. Vertical lines should be avoided. 

If a table is too long to fit onto one page, the table number and headings should 
be repeated above the continuation of the table. For this you have to reset the table 
counter with \addtocounter{table}{-l}. Alternatively, the table can be turned by 90° 
('landscape mode') and spread over two consecutive pages (first an even-numbered, then 
an odd-numbered one) created by means of \begin{table}- [h] without a caption. To do 
this, you prepare the table as a separate DTj^X document and attach the tables to the 
empty pages with a few spots of suitable glue. 

3.2. Useful table packages 

Modern DT^X comes with several packages for tables that provide additional function- 
ality. Below we mention a few. See the documentation of the individual packages for 
more details. The packages can be found in ET^X's tools directory. 

array Various extensions to ETgX's array and tabular environments. 

longtable Automatically break tables over several pages. Put the table in the longtable 
environment instead of the table environment. 

dcolumn Define your own type of column. Among others, this is one way to obtain 
alignment on the decimal point. 

tabularx Smart column width calculation within a specified table width. 

rotating Print a page with a wide table or figure in landscape orientation using the 
sidewaystable or sidewaysf igure environments, and many other rotating tricks. 
Use the package with the f iguresright option to make all tables and figures rotate 
in clockwise. Use the starred form of the sideways environments to obtain full- 
width tables or figures in a two-column article. 

3.3. Line drawings 

Line drawings may consist of laser-printed graphics or professionally drawn figures 
attached to the manuscript page, correctly aligned. They should be placed either at the 
bottom or at the top of the page. In the latter case the top of the figure should be at the 
same level as the first text line. 

All notations and lettering should be no less than 2.5 mm high. The use of heavy black, 
bold lettering should be avoided as this will look unpleasantly dark when printed. Do not 
use too light or too dark shading in your figures. The pages will be reduced to 75-80% of 
their present size; too dark a shading may become too dense while a very light shading 
made of tiny points may fade away during reproduction. 

3.4. PostScript figures 

Instead of providing separate drawings or prints of the figures you may also use Post- 
Script files which are included into your DTj^X file and printed together with the text. 
Use one of the packages from DTf^X's graphics directory: graphics, graphicx or epsf ig, 
with the \usepackage command, and then use the appropriate commands 
(\includegraphics or \epsf ig) to include your PostScript file. 



Table 2: The next-to-leading order (NLO) results without the pion field. 

A (MeV) 140 150 175 200 225 250 Exp. v 18 [? 

r d (fm) 1.973 1.972 1.974 1.978 1.983 1.987 1.966(7) 1.967 

Q d (fm 2 ) 0.259 0.268 0.287 0.302 0.312 0.319 0.286 0.270 

P D (%) 2.32 2.83 4.34 6.14 8.09 9.90 - 5.76 

[L A 0.867 0.864 0.855 0.845 0.834 0.823 0.8574 0.847 

Mm (fm) 3.995 3.989 3.973 3.955 3.936 3.918 - 3.979 

Mqt (fm) 4.887 4.881 4.864 4.846 4.827 4.810 - 4.859 

b\l (%) -0.45 -0.45 -0.45 -0.45 -0.45 -0.44 - -0.45 

5g* :C (%) 0.03 0.03 0.03 0.03 0.03 0.03 - 0.03 

6?g N (%) -0.19 -0.19 -0.18 -0.15 -0.12 -0.10 - -0.21 
The experimental values are given in ref. [Hj. 
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Figure 1. Good sharp prints should be used 
and not (distorted) photocopies. 



Figure 2. Remember to keep details clear 
and large enough to withstand a 20-25% 
reduction. 



The simplest command is: \includegraphics{f ile}, which inserts the PostScript file 
file at its own size. The starred version of this command: \includegraphics*{f ile}, 
does the same, but clips the figure to its bounding box. 

With the graphicx package one may specify a series of options as a key-value list, e.g.: 
\includegraphics [width=15pc] {file} 
\includegraphics [height=5pc] {file} 
\includegraphics [scale=0 . 6] {file} 
\includegraphics [angle=90,width=20pc] {file} 

See the file grf guide, section "Including Graphics Files" of the graphics distribution 
for all options and a detailed description. 

The epsf ig package mimicks the commands familiar from the package with the same 
name in A PostScript file file is included with the command 

Ypsf ig{f ile=f ile}. 

Grey-scale and colour photographs cannot be included in this way, since reproduc- 
tion from the printed CRC article would give insufficient typographical quality. See the 
following subsections. 

3.5. Black and white photographs 

Photographs must always be sharp originals (not screened versions) and rich in contrast. 
They will undergo the same reduction as the text and should be pasted on your page in 
the same way as line drawings. 

3.6. Colour photographs 

Sharp originals (not transparencies or slides) should be submitted close to the size ex- 
pected in publication. Charges for the processing and printing of colour will be passed 
on to the author(s) of the paper. As costs involved are per page, care should be taken 
in the selection of size and shape so that two or more illustrations may be fitted to- 
gether on one page. Please contact the Author Support Department at Elsevier (E-mail: 
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authorsupport@elsevier.nl) for a price quotation and layout instructions before pro- 
ducing your paper in its final form. 

4. EQUATIONS 

Equations should be flush-left with the text margin; DTpX. ensures that the equation 
is preceded and followed by one line of white space. DT^X provides the document class 
option f leqn to get the flush-left effect. 

H aP {uj) = E^{u)5 aP + (a\WM (1) 

You need not put in equation numbers, since this is taken care of automatically. The 
equation numbers are always consecutive and are printed in parentheses flush with the 
right-hand margin of the text and level with the last line of the equation. For multi-line 
equations, use the eqnarray environment. 

For complex mathematics, use the ^4/\^5math package. This package sets the math 
indentation to a positive value. To keep the equations flush left, either load the espcrc 
package after the Aj\y[Sm.a,t\i package or set the command \mathindent=Opt in the pream- 
ble of your article. 
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References should be collected at the end of your paper. Do not begin them on a 
new page unless this is absolutely necessary. They should be prepared according to the 
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the reader. Use \cite to refer to the entries in the bibliography so that your accumulated 
list corresponds to the citations made in the text body. 
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Status of art of reaction models for projectiles far from stability. 
Angela Bonaccorso a * 

a Istituto Nazionale di Fisica Nucleare, Sez. di Pisa, and Dipartimento di Fisica, 
Universita di Pisa, Largo Pontecorvo 3, 56127 Pisa, Italy. 

This talk will review the status of art of nuclear and Coulomb breakup theories and 
their relation to optical models of elastic scattering of exotic projectiles. The effect of 
the final state interactions between the breakup particle and the core and target nuclei 
will be clarified and some typical numerical calculations for the relevant observables will 
be presented and compared to experimental data. Finally new results will be shown to 
demonstrate the feasibility of a novel type of experiment involving heavy projectiles far 
from stability on heavy targets. 

1. Introduction 

Nuclear reaction theory has experienced a great revival in the last twenty years following 
the large increase in quantity as well as quality of experiments with exotic beams. Exotic 
nuclei are located away from the stability valley and have large differences in the number 
of neutrons and protons. Their valence particle separation energies S n are smaller than 
the average 8 MeV expected in nuclear matter. In the extreme case of halo nuclei such as 
several beryllium and lithium isotopes ( 11 Be, 12 Be, 14 Be, 11 Li), S n can be even less than 1 
MeV. As a consequence as much as 10% of the total reaction cross section is due to just 
one channel: In or 2n breakup. Therefore, out of necessity (N. Orr), breakup has been 
the most studied reaction for very weak beams and the one for which several new models 
have been developed. 

In this short review I will first present the mechanisms which lead to breakup and the 
relative observables that are measured. For each of them a description will follow of the 
most recent advances in the models used for theoretical calculations. 

2. Cross section 

All theoretical methods used so far to describe breakup rely on a basic approximation 
to describe the collision with only the three-body variables of nucleon coordinate, pro- 
jectile coordinate, and target coordinate. Thus the dynamics is controlled by the three 
potentials describing nucleon-core, nucleon-target, and core-target interactions. In most 
cases the projectile-target relative motion is treated semiclassically by using a trajectory 
of the center of the projectile relative to the center of the target R (t) = b c + vtz with 



*In collaboration with C.A. Bertulani, G. Blanchon, D.M. Brink, F. Carstoiu, A. Garcfa-Camacho, A. A. 
Ibraheem, J. Margueron, N.Vinh Mau. 
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constant velocity v in the z direction and impact parameter b c in the xy plane. This 
approximation makes our formalism applicable for incident energies above the Coulomb 
barrier. Along this trajectory the amplitude for a transition from a nucleon state ^ bound 
in the projectile, to a final continuum state tpf, is given by [[lj [2] 



where V is the interaction responsible for the transition which will be specified in the fol- 
lowing. The probabilities for different processes can be represented in terms of the ampli- 
tude as dP/d^ = J2 IAfi| 2( K£ — £/) where £ can be momentum, energy or any other variable 
for which a differential cross section is measured. Direct one-particle re-arrangment reac- 
tions of the peripheral type in presence of strong core-target absorption can be described 
by an equation like [ El El HI E] 



(see Eq. (2.3) of [[3]) and C 2 S is the spectroscopic factor for the initial single particle 
state. The core survival probability is defined in terms of a S-matrix function of the core- 
target distance of closest approach b c . A simple parameterisation is P c t(p c ) = \S ct \ 2 = 
e (- in2exp{(R a -b c )/a]) _ j^. ^ a ^ es [ n ^ acc0 unt the peripheral nature of the reaction and natu- 
rally excludes the possibility of large overlaps between projectile and target. The strong 
absorption radius R s ~ 1A(Aj/ 3 + A^ 3 ) fm is defined as the distance of closest approach 
for a trajectory that is 50% absorbed from the elastic channel and a=0.6 fm is a diffuse- 
ness parameter. The values of K s thus obtained agree within a few percent with those of 
the Kox parameterization [[6]. 

3. Coulomb Breakup 

Based on the time dependent amplitude Eq.flT]) and the classical projectile-target tra- 
jectory of relative motion given above, in Ref. [H] we considered the breakup of a halo 
nucleus like n Be consisting of a neutron bound to a 10 Be core in a collision with a target 
nucleus. The system of the halo nucleus and the target was described by Jacobi coordi- 
nates (R, r) where R is the position of the center of mass of the halo nucleus relative to 
the target nucleus and r is the position of the neutron relative to the halo core, and the 
coordinate R is assumed to move on a classical path. The Hamiltonian of such a system 
is H — Tr +T r + V nc (r) + V nt (for + R) + V ct (R — /3 x r) , with (3i and fo the mass ratios of 
neutron and core, respectively, to that of the projectile. Tr and T r are the kinetic energy 
operators associated with the coordinates R and r and V cn is a real potential describing 
the neutron-core final state interaction. V cn was neglected under the hypothesis that the 
observables measured and calculated did not depend significantly on it. In Sec. 5 we will 
discuss cases in which such an interaction dominates instead the measured data. The 
potential V 2 = V nt + V ct describes the interaction between the projectile and the target. It 
is a sum of two parts depending on the relative coordinates of the neutron and the target 
and of the core and the target. Both V nt and V ct are represented by complex optical 
potentials. The imaginary part of V nt describes absorption of the neutron by the target 




(1) 




(2) 
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to form a compound nucleus. It gives rise to the stripping part of the halo breakup we 
will describe in Sec. 4. The imaginary part of V ct describes reactions of the halo core 
with the target. The potential V ct also includes the Coulomb interaction between the halo 
core and the target which is responsible for Coulomb breakup. Since the mass ratio f3\ 
is small for a halo nucleus with a heavy core (f3\ ~ 0.1 for 11 Be) the Coulomb potential 
was approximated by the dipole term in Ref.[H]. Then, making an eikonal approxima- 
tion for the neutron final state ipf (t) = exp (ik • r — ie^t/h) exp y— ^ J t °° V2 (r, t) dt^j , the 
amplitude became 

A lm (k,h c ) = ^Jd 3 rJ rfte- k - r+ ^e(^r^™^)v 2 (r,R(t))0 /m (r) (3) 

where u = (e^ — £i) /% and 4>i m is the radial part of the neutron initial wave function, k is 
the neutron-core relative momentum vector in the final state. The corresponding energy 
is £k, while it is e$ in the initial state. Eq. (j3J) is appropriate to calculate the coincidence 
cross section A p — > (A p — 1) + n. 

The components V nt and V ct of V 2 were treated differently because of the long range of 
the Coulomb interaction. The neutron-target interaction is strong and has a short range. 
We assumed that the interaction time r for this part of the interaction is very short in 
the sense that ujt is small compared with unity. On the other hand the the long range 
Coulomb interaction between the halo core and the target is weaker and changes more 
slowly. The way to treat it is discussed in the next subsection. 

3.1. Coulomb phase 

Introducing the notation V c = Z c Z t e 2 , V v = Z v Z t e 2 and Vc = (Z v + Z c )Z t e 2 , with 
Z v — 0, 1 for a neutron and for a proton respectively, the Coulomb potential can be 
written as 

V(r R) = ^ + ^ ^ (4) 

K ' } |R-Ar| |R + &r| R {) 

Here (3\ can be also the mass ratios of the proton to that of the projectile. In Ref.[ 
[7] we have shown that the Coulomb phase Xe//(b c , r, k) = J dte lult Vc{r,t)/h. which is 
solvable in the dipole approximation, can similarly be calculated with the whole multipole 
expansion if a screening term is added and subtracted to the potential, suet that it can 
be written as V(v, R) = V sh (v, R) + V lo (r, R) = M^^Sr " + ^'^-^ + 
1 ~ e R ' R )]- The term V s h contains the singularity at R=0 but decays quickly with the impact 
parameter. On the other hand, Vi Q , well-behaved in the origin, accounts for the long- 
range character of the Coulomb potential. When inserted in the integral for Xeff, these 
two terms can be treated in different ways if the parameter 7 is big enough. In this 
case, as done in [ H] with the nuclear potential, V s h can be considered in the sudden 
approximation, yielding a phase Xsuddfoc, r) = J dtV s h(r,t)/h, whereas Vi Q needs to keep 
the whole time evolution description, but, being weak, it can be approximated to first 
order x pert (b c , r, k) — J dte luJt Vi (r,t)/h. Therefore the Coulomb phase becomes a sum of 
two terms X e //(b c , r, k) = Xs«dd(b c , r) + x P ert{h c , r, k), both of them depending upon the 
screening parameter 7. In order for this approximation to be valid, the screening term 
7 needs to be sufficiently large as to ensure that the range of V s h remains short enough, 
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and that V\ does not become too large. This is next achieved by taking just 7 = 00, in 
which case Xsudd = 0, and Xeff = Xpert = ^ (e tplU */ v K (wb c /v) - K (uR±/v) y j . 
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Figure 1. Integrated breakup cross-section for a 
hypothetical 34 Si beam against Pb at 70 A. MeV as a 
function of the neutron separation energy. Different 
initial parameters: circles (squares) are for Coulomb 
(nuclear) breakup from an initial s-wave; diamonds 
(triangles) for Coulomb (nuclear) breakup from a d- 
wave; pluses (stars) for Coulomb (nuclear) breakup 
from an initial f-wave. Nuclear breakup is the sum 
of diffractive and stripping contributions 



Figure 2. Calculated momentum distribution 
of 7 Be fragments after proton-removal from 8 B 
against Pb at 936 MeV/A. Both dipole and full 
multipole results are shown for the ground state 
and first excited state. Calculations according 
to Sec. 3 and Ref. [[8] where more details can be 
found. Data are from Ref . [ 117] . 



3.2. Sudden limit and all-order treatment 

Aiming for an all-order formalism, in [ 0] it was shown that a possible way to achieve 
this is to use the sudden approximation, subtract the first order term, which diverges for 
large impact parameter, and then to add a first order term calculated in time-dependent 
perturbation theory. The sudden limit (u — > 0) must be therefore taken in the above 
expression for Xeff, yielding xT/f = luT^S;!] - - Following a procedure analogous to that 
of [Ej, the Coulomb phase for the proton is shown to be [[H] 

xV = h { V ^ 1UJZ/VK o(^M - V c K (ujR ± /v) + V v e- l ^ z / v K (ujb v /v)) (5) 

Since Vc = V c + V v , eq. (jSJ) can be written as x p — x(Pij Vc) + x(~ P2, V v ) where x is 
the Xeff of the previous section and b v = b c + r^ is the proton impact parameter with 
respect to the target. The Coulomb phase is therefore the sum of two terms: one of them 
describes the recoil of the core whereas the other accounts for the direct proton-target 
Coulomb interaction. Of course, in the case of the neutron the latter vanishes and the 
phase reduces to the one derived in [[?]. It is easy to see that the expansion of Xeff to first 
order in r yields the well known dipole approximation to the phase: which only differs 
from the neutron breakup case in the different constant factor, which is now (V c j3i — V v fi<i) 
instead of of Ref. [Ej. 



Status of art of reaction models for projectiles far from stability. 



5 



The probability amplitude can be written as the sum of three contributions. The recoil 
term, 

A rec = J dre-^^r) ^ log ^ - 1 - ^ log-^L + ^ V ^ , ( 6 ) 

where, according to the discussions in [ HJ [7] , the sudden limit has been used in order to 
include all orders in the interaction. The direct proton Coulomb interaction term A d "' 
which has the same form as Eq.([6]) but with the substitution V c — >V V , f3\ —>■ — /?2 and 
b c — >b v . The nuclear part is given by 

A nuc = J dre~ ik r (e iXnt{K) - l) &(r), (7) 

which is the well known eikonal form of the diffractive nuclear breakup with the neutron- 
target phase Xntfov) — I dzV nt (b v , z)/{vh). Finally the expression for the differential 
cross-section is 

iL = i^if I dh ^ s ^)\ 2 \ Anuc + Adir + Arec \ 2 - (8) 

In a number of papers higher order effects [[9j and proton breakup have been discussed, 
among which we recall Refs.[[ini Ell [12] ■ Some works have also addressed the problem of 
asymmetry in the core parallel momentum distribution after proton knockout [ [131 E] ■ 
The fact that this asymmetry comes from high order terms can be directly extracted from 
our formalism. If the Coulomb part of the amplitude is simply expanded to first order in 
X, it can be written, in terms of the one-dimensional Fourier transform in z— direction 
as 

A Cou ~ J dr ± e-^ r ^ (v c K (ujb c /v)&(r ± , k z - fcu/v) - V c K (ujR ± /v)^(r ± , k z ) 

+ V v K {ub v /v)<f )l {r ± ,k z + (3 2 u/v)) . (9) 

Thus the Coulomb breakup probability amplitude can be regarded as a coherent sum 
of three terms, each of which contains a shifted z— Fourier transform. The shifts are in 
opposite directions, (3\U)/v and — fauj/v, but they are not visible directly in the calculated 
momentum distributions as to depends on k itself. Moreover, the 1/v factor indicates 
that the asymmetry decreases as the beam energy increases. In the dipole approximation, 
however, the amplitude does not contain any asymmetry for the momentum distribution 
as it involves square modulii of (j)i(r±, k z ) separately. Hence we have confirmed analytically 
that the asymmetry in Coulomb breakup parallel momentum distributions is due to the 
presence of higher multipole terms, in agreement with earlier works [ M, E321 EH] • However, 
the presence of the nuclear interaction introduces an interference that does depend on the 
sign of k z and thus an additional asymmetry to that due to higher multipole terms in the 
Coulomb interaction. 

We then present two applications of the formalism just discussed. Fig. 1 shows cal- 
culations of absolute cross sections for Coulomb and nuclear breakup, according to the 
formalism of Sees. 2 and 3, for a heavy exotic projectile 34 Si. It intends to demonstrate 
the feasibility of nuclear breakup experiments on heavy targets when the initial neutron 
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separation energy and angular momentum become large. In this way it should be possible 
to avoid the asymmetries and deviations from the eikonal model found in some experi- 
ments [ [TBJ US]- Fig- 2 compares data [[T7] for proton breakup to calculations from our 
new model [[8] for proton breakup shortly described above. 

4. Transfer to the Continuum 

In Ref.[[S] the transfer to the continuum method (TC) to calculate the nuclear breakup 
was introduced in a way that made numerical calculations relatively easy. Furthermore it 
was shown that breakup gives rise to a stripping cross section a str and a diffractive breakup 
cross section 0"^// which are distinguishable experimentally depending on whether the 
removed neutron is detected in the final state or not. The eikonal approximation to 
Eq.flTJ has been already given for the diffraction term by Eq.([7j). Extending it to the 
stripping term of the nuclear breakup [ [18l [19], one derives [[20] the total one nucleon 
removal probability 



dk z 2n Jo 



g-»x(M)|2 _|_ i _ i e -»x(M|2 



(b v -b c ,k z )\ 2 , (10) 



where e~ %x ^ is the eikonal form of the neutron (proton) target S-matrix already discussed 
in Sec. 3. Notice that in this expression the exact initial state wave function appears, there- 
fore Eq.( jTU]) is valid for a neutron as well as for a proton. |0j(b v — b c , k z )\ 2 is the longitu- 
dinal Fourier transform of the initial state wave function. The total breakup probability is 
obtained from the integral of Eq. (fTDl involving J(fc!" m . h™ *) = JjV„ dk z \(f>i(b v — b c , k z )\ 2 . 
If the integral could be extended to ±oo, it would just be the longitudinal density, and 
the formulae for the TC and eikonal model would become identical. In fact in this limit 
the removal cross section reduces to 



<7_ 



C 2 S J d 2 b c J dh [|(1 - S)\ 2 + 1 - \S\ 2 } \S ct (b c )\ 2 \UK - b c ,z)\ 2 (11) 



which is consistent with the breakup cross section originally obtained by Yabana and 
collaborators [[21]. Notice that Eqs. ffTOj) and ffTTl) are consistent with eq.©. 

To see how accurate the sudden approximation is, the integral X(fc™ n , kl nax ) was cal- 
culated in Ref.[ [TH] under various conditions of angular momentum, neutron binding 
energy in the projectile, and projectile velocity. For values of the parameters of interest 
there can be a rather large reduction for small values of the neutron transverse radius 
in the projectile, \b v — b c \. However, the approximation becomes increasingly accurate as 
the transverse radius is made larger. Another sudden model for Coulomb and nuclear 
breakup was presented in Ref . [ [22] and compared to the present approach. 



5. Projectile Fragmentation 

We call projectile fragmentation the elastic breakup (diffraction dissociation) discussed 
above, when the observable studied is the neutron-core relative energy spectrum. This 
kind of observable has been widely measured in relation to the Coulomb breakup on heavy 
target. Results on light targets have also been presented [[23]. These data enlighten the 
effect of the neutron final state interaction with the core of origin, neglected in the previous 
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sections, while observables like the core energy or momentum distributions enlighten the 
effect of the neutron final state interaction with the target. 

Projectile fragmentation has also been used experimentally with two neutron halo pro- 
jectiles [|2l]-[UT]. In this case it has been suggested that the reaction might proceed 
by the simultaneous emission of the two neutrons or by successive emissions [ [21] . The 
successive emission can be due to a mechanism in which one neutron is stripped by the 
interaction with the target, as in the one-neutron fragmentation case, while the other is 
left behind, for example in a resonance state, which then decays. This mechanism has 
been described by the sudden approximation in Ref . [ [25] under the hypothesis that while 
the first neutron is stripped, the second neutron is emitted at large impact parameters 
with no final state interaction with the target. The emission can be expected sequential 
if the two neutrons are not strongly correlated. 

If the two neutrons are strongly correlated they will preferentially be emitted simul- 
taneously. If the neutron which is not detected is stripped while the other suffers an 
elastic scattering on the target, then in both cases to first order in the interaction the 
neutron ends-up in a plane wave final state [ 2j . It can then re- interact with the core 
which, for example, is going to be 10 Be in the case of the one-neutron halo projectile 11 Be, 
while it will be 12 Be in the case of the projectile fragmentation of 14 Be, since 13 Be is not 
bound. Experiments with a 14 B projectile [ [2S] have also been performed, in which the 
n- 12 Be relative energy spectra have been reconstructed by coincidence measurements. In 
such a nucleus the valence neutron is weakly bound, while the valence proton is strongly 
bound. Thus the neutron will probably be emitted in the first step and then re-scattered 
by the core minus one proton nucleus. The projectile-target distances at which this kind 
of mechanism would be relevant are probably not so large to neglect the effect of the 
neutron-target interaction. 

5.1. Inelastic excitation to the continuum. 

To first order the inelastic-like excitations can be described again by the time dependent 
perturbation amplitude Eq.([T]) [[HE]- In this section also, the potential V(r, R(£)), which 
is the interaction responsible for the neutron transition, moves past on a constant velocity 
path as described in the previous sections. The radial part 0i(r) of the single particle 
initial state wave function ipi(r,t) is calculated in a potential VVs(r) which is fixed in 
space. The coordinate system and other details of the calculations can be found in Ref. [ 
|2"T] . In the special case of exotic nuclei the traditional approach to inelastic excitations 
needs to be modified. For example the final state can be eigenstate of a potential V\ 
modified with respect to Vy/s because some other particle is emitted during the reaction 
process as discussed in the introduction. The final state interaction might also have an 
imaginary part which would take into account the coupling between a continuum state 
and an excited core. The first order time dependent perturbation amplitude then reads 

1 f°° ■ ~ 

A fi = — dxdydz 4>* f (x,y,z)(/)i(x,y,z)e iqz V(x -b c ,y,q), (12) 
ihv J-oo 1 

where V(x — b c , y, q) = dzV{x — b c , y, z)e iqz , and we changed variables and put z' = 
z — vt or t = (z — z')/v, q = Ef — Si/Tiv. In this section Sf is the neutron-core relative 
energy in the final state. 
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The target represented by V perturbs the initial bound state wave function and allows 
the transition to the continuum by transferring some momentum to the neutron. Then it 
is enough to choose a simplified form of the interaction, such as a delta-function potential 
V(r) = v 2 S(x)S(y)S(z). The value of the strength v 2 = [MeV fm 3 ] used in the calculation is 
taken equal to the volume integral of the appropriate neutron-target interaction. It is clear 
that while in the sudden approach the initial and final state overlap is taken in the whole 
coordinate space, irrespective of the target and of the beam velocity, here the overlap of 
the initial and final wave functions depends on the core-target impact parameter. The 
neutron is emitted preferentially on the reaction plane and the z-component, being along 
the relative velocity axis is boosted by a momentum q. 



-■■ sl/2tosl/2 

.... sl/2top3/2 

-- sl/2topl/2 

-■ sl/2tod5/2 

-■- sl/2tod3/2 

Coulomb 

A Convoli 





Figure 3. n- 10 Be relative energy spectrum, includ- 
ing Coulomb and nuclear breakup for the reaction 
n Be+ 12 C -> n+ 10 Be+X at 69 A. MeV. Only the con- 
tributions from an s initial state with spectroscopic 
factor C 2 S= 0.84 are calculated. The triangles are 
the total calculated result after convolution with the 
experimental resolution function. The dots are the 
experimental points from [ 123] - 



Figure 4. Sum of all transitions from the s 
initial state with £j=-1.85 MeV (solid line) for the 
reaction 14 Be+ 12 C — > n+ 12 Be+X . Experimental 
points from H. Simon et al. [ [3T] for the same 
reaction at 250 A. MeV. Dashed line is the folding 
of the calculated spectrum with the experimental 
resolution curve. 



Due of the strong core absorption discussed in Sees. 2 and 3 these calculations are 
also performed using the asymptotic form of the initial and final state wave functions. 
Introducing the quantization condition according to Ref.[ E] the probability spectrum 
reads 



m 



de 



f 



J 2 r-,2 

TTftV i h 2 k2i 



1 



— Y, I I 



s. 



mi,mf | 



l mi,mf | 



(13) 



1/ I 2 

2i{5+v) 



is an 



The generalization including spin is given in Appendix B of Ref . [ [27] and 

/^dze^iVfcW)^ quantity S = e 

off-the-energy-shell S-matrix representing the final state interaction of the neutron with 
the projectile core. It depends on a phase which is the sum of S, the free particle n-core 
phase shift, plus v the phase of the matrix element |/|. Two examples of our calculations 
are shown in Figs. 3 and 4 and compared to recent data. See also Ref.[ 28J. Finally 
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we refer to two books [ H21 [43] and recent reviews [ HH H5] in which further discussion 
and bibliography can be found. 

6. Conclusions and Outlook 

The field of Rare Isotopes Studies is very active, growing steadily and rapidly. Some 
recent achievements in reaction theories for breakup and elastic scattering of exotic beams 
have been presented. From the structure point of view, in the search for the dripline 
position, a very important role is played by the study of nuclei unstable by neutron 
emission. On the other hand increasing the mass of the projectiles produced we are going 
to face the problem of envisaging new experiments to study them. These two are among 
the most important subjects which need to be adressed and further developed in the near 
future and for which some suggestions have been presented. 
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